Abstract Purpose:The aim of the present study was to define gene expression profiles of noninvasive and invasive bladder cancer, to identify potential therapeutic or screening targets in bladder cancer, and to define genetic changes relevant for tumor progression of recurrent papillary bladder cancer (pTa). Experimental Design: Overall, 67 bladder neoplasms (46 pTa, 3 pTis, 10 pT1, and 8 pT2) and eight normal bladder specimens were investigated by a combination of laser microdissection and gene expression profiling. Eight of 16 patients with recurrent noninvasive papillary bladder tumors developed carcinoma in situ (pTis) or invasive bladder cancer (zpT1G2) in the course of time. RNA expression results of the putative progression marker cathepsin E (CTSE) were confirmed by immunohistochemistry using high-throughput tissue microarray analysis (n = 776). Univariate analysis of factors regarding overall survival, progression-free survival, and recurrence-free survival in patients with urothelial bladder cancer was done. Results: Hierarchical cluster analyses revealed no differences between pTaG1 and pTaG2 tumors. However, distinct groups of invasive cancers with different gene expression profiles in papillary and solid tumors were found. Progression-associated gene profiles could be defined (e.g., FABP4 and CTSE) and were already present in the preceding noninvasive papillary tumors. CTSE expression (P = 0.003) and a high Ki-67 labeling index of at least 5% (P = 0.01) were the only factors that correlated significantly with progression-free survival of pTa tumors in our gene expression approach. Conclusions: Gene expression profiling revealed novel genes with potential clinical utility to select patients that are more likely to develop aggressive disease.
At the time of first diagnosis, f70% of bladder tumors are noninvasive papillary low-grade tumors (pTa). However, >60% of these tumors will recur at least once and progress to infiltrating or less differentiated neoplasms in 5% to 10% of cases (1) . Despite the fact that the majority of superficial bladder tumors are clinically benign, regular cystoscopic follow-up at intervals is done in all patients with noninvasive bladder cancer after complete transurethral resection to detect recurrence and progression. A plethora of potential clinical and histopathologic factors indicative of tumor progression are currently discussed in the context of papillary bladder cancer: high tumor grade (2) , tumor size of >5 cm (3), multifocality (4) , adjacent carcinoma in situ (5) , and high rate of recurrence. However, none of these markers reliably predicts a higher progression rate in papillary carcinoma of the bladder (pTa). It is important to identify the small subgroup of patients that will most likely benefit from close clinical follow-up and Bacillus Calmette-Guerin instillation therapy. New molecular prognostic markers for the prediction of tumor recurrence and progression are urgently needed.
Mutations of the tumor suppressor genes TP53 and RB1 are common and have predictive value in clinical studies of invasive bladder cancer (6 -8) . Although TP53 alterations have been suggested as prognostic marker in pTa tumors (9) , the prognostic value of both TP53 and RB1 is restricted to invasive tumors. In superficial bladder cancer, homogeneous expression of cytokeratin 20 (10) , lack of FGFR3 mutations (11, 12) , and high nuclear Ki-67 labeling index (12) show promise in predicting recurrence. However, there is no prospectively evaluated set of molecular markers with sufficient predictive power to select patients for a differential therapeutic approach.
Molecular profiling may identify clinically useful molecular alterations (reviewed in ref. 13 ). Recent studies have offered preliminary data on gene expression profiles of urothelial carcinomas and derivative cell lines (14 -22) . These studies have provided useful insights into the molecular biology of bladder cancer, but exclusive expression analysis of bulk tissue without microdissection of tumor cells from surrounding normal tissue, pooling of samples of the same tumor grade and stage, and lack of longitudinal analysis of recurrent superficial bladder tumors hamper the interpretation of the data. The aim of the present study was to investigate the gene expression of papillary superficial urothelial tumors in patients with a known clinical course using a combination of oligonucleotide and tissue microarray technologies.
Materials and Methods
Chip design. The metg001A GeneChip, a custom-designed Affymetrix oligonucleotide array, consisted of 6,117 probe sets representing 2,800 human genes based on the annotation of the probe sets with the GoldenPath assembly (http://genome.ucsc.edu/). We selected two different sets of genes. First, genes that are known to be involved in the progression of human tumors including signal transduction pathway genes (e.g., TGFB, RAS, and WNT). Second, (24) . Growth pattern was determined for all invasive tumors. Papillary growth was defined by the presence of a papillary tumor component (z20%) with a histologic grade identical to the invasive tumor. All other tumors were considered to have a solid growth pattern. After serial sectioning of tissue for routine pathology examination, samples were stored at À80jC. Eight normal urothelial specimens from eight individuals were used as reference samples.
Three of those were obtained from patients with no history of bladder neoplasia. Tables 1 and 2 summarize clinicopathologic characteristics of the analyzed samples. The Institutional Review Board (IRB no. 19/99) of the Ludwig-Maximilian University approved analysis of tissues from human subjects.
Microdissection and RNA isolation. Total RNA was isolated from five to twenty 5-Am frozen sections using sterilized (3 hours, 250jC) glass slides and racks. To prevent RNase contamination, frozen slides (À80jC) were directly transferred into 100% ethanol (1 minute) and subsequently stained in 1% methylene blue, pretreated with 0.1% diethylpyrocarbonate. Pure populations of >90% normal or neoplastic urothelial cells were obtained using a PALM Robot-Microbeam laser microdissection device (Wolfratshausen, Germany) as described previously (25) . At least 2,000 cells were isolated from each specimen. Poly(A) + RNA was isolated from lysed cells by magnetic separation (PolyATract System 1000; Promega, Heidelberg, Germany) according to the manufacturer's specifications.
cRNA synthesis and gene expression profiling. Linear amplification (two rounds) was done as described previously (26) . After priming with the Affymetrix T7-oligo-dT promoter-primer combination (5V -GGCCAGTGAATTGTAATACGACTCACTATAGGGAGGCGGT 24 -3V at 100 mmol/L), first-and second-strand synthesis and in vitro transcription, the amplified RNA was again amplified in two subsequent rounds Abbreviation: PFS, progression-free survival. *For the analysis of progression (PFS) of recurrent pTa tumors, patients were censored at the time of their last clinical control showing no evidence of pTaG3, CIS or invasive BC (zpT1). c Bladder specimens of patients with primary invasive bladder cancer. b Bladder specimens of patients with pTa tumors with subsequent progression (see Table 1 ).
of cDNA synthesis and in vitro transcription. The cDNA of each round of amplification was tested by Taqman PCR (see below) for its integrity, and cDNAs of low quality were excluded from further analysis. Within the last in vitro transcription, biotinylated nucleotides were incorporated into the amplified RNA. Hybridization and detection of the labeled amplified RNA on the metg001A Affymetrix GeneChip was done according to the manufacturer's instructions. Taqman PCR tested integrity of cDNA of the two amplification rounds (first round: succinate dehydrogenase complex, subunit A (SDHA) assay and second round: glyceraldehyde-3-phosphate dehydrogenase assay). cDNA, reverse transcribed from 1 ng of amplified RNA, was used for a Taqman assay (Applied Biosystems, Weiterstadt, Germany). Genes were amplified with the Taqman Universal PCR Master Mix according to the manufacturer's conditions, using the ABI PRISM 5700 Sequence Detection System. The following oligonucleotides were used for real-time reverse transcription-PCR: glyceraldehyde-3-phosphate dehydrogenase (forward) 5V -GAAGGTGAAGGTCG-GAGTC-3V ; glyceraldehyde-3-phosphate dehydrogenase (reverse) 5V -GAAGATGGTGATGGGATTTC-3V ; glyceraldehyde-3-phosphate dehydrogenase (probe) 5V -FAM-CAAGCTTCCCGTTCTCAGCC-Tamra-3V . SDHA (forward) 5V -TGTCATCGCACTGTGCATAGAG-3V; SDHA (reverse) 5V -CCGTAGCCTCCTGTGGCA-3V ; SDHA (probe) 5V -CCATCCATCGCATAA-GAGCAAAGAACACTG-Tamra-3V . At each round of amplification, C T values of <30 were required for further processing.
Data processing. GeneChips were scanned using an Agilent GeneArray Scanner (Agilent Technologies, Palo Alto, CA) and processed as described (26) . In brief, raw intensity values were extracted from the Cel files. For background correction, the chip was partitioned into 16 tiles. For each tile, the mean of the 2% probes with the lowest intensities were determined and subtracted from each probe value, respectively. The background corrected probe intensity values were normalized by dividing them by the median value of all probes. A representative expression value for each probe set (PMQ value) was generated by using the 75% percentile of the perfect match intensities. For each probe set, a nonparametric Wilcoxon test was calculated by comparing the intensities of the perfect match and mismatch probes to test the probe sets for presence or absence of an expression signal.
To minimize technically caused data perturbation, a model-fitting algorithm was applied to the PMQ data. For this purpose, an ideal expression profile was constructed by determining the median PMQ value of all analyzed chips thus representing a theoretical reference chip. Expression data of each individual chip were compared with the reference chip. To reduce nonlinear effects, probe sets were separated into two groups by means of their predominant call (absence or presence; P < 0.05). Both groups were then fitted individually. A linear regression using ''Robust Statistics'' rules (27) was done, and the data were linear transformed so that a slope, m = 1 and an intercept, n = 0 was reached. Finally, resulting PMQ values were normalized again by dividing them by the chip median PMQ. For further analysis, the data were transformed into log space (ln). For genes represented by more than one probe set, the probe set with the highest average expression value was chosen, unless found saturated.
Analysis and presentation of expression data. Medians of PMQ values were used to generate a correlation matrix based on the Pearson linear regression coefficient. The 20 genes whose expression displayed the highest correlation coefficient from each subgroup were selected. Principal components analysis using GeneMaths (Applied Maths, v1.5) used the resulting 225 genes to group the patients. The signal-to-noise ratio was used to compute gene-class correlations and to sort genes accordingly. Assessment of significance for gene markers was based on permutation tests (28) . The top signal-tonoise scores for top marker genes were compared with corresponding scores for random permutation versions of the class labels. Typically, 1,000 random permutations were used, and the 5% and 1% significance levels were determined to compare them with the values obtained for the real data. The following gene-class correlations were computed, using the Genesis software package (29) : tumor (pTa, pTis, pT1, and pT2) versus normal (Supplementary Data A); pTaG1 versus pTaG2; pTa low-grade versus pTa high-grade; pT1-pT2 papillary versus solid growth pattern (Supplementary Data B) .
Class prediction. Analysis of expression data was done using GeneCluster 2.0 software (http://www-genome.wi.mit.edu/cancer/ software/genecluster2/gc2.html; ref. 28 ). To build a class predictor for progressive or nonprogressive pTa bladder cancer, genes were filtered using linear Pearson's regression. Genes were ranked by the absolute values of the correlation coefficient and the 500 top ranked genes were used for further processing. A predictor was built using all samples with the implemented weighed voting algorithm allowing 31 genes at maximum. The predictor was tested using the leave one out cross-validation procedure. Progression of recurrent superficial papillary bladder cancer (pTaG1 and pTaG2) was defined if pTis or zpT1 occurred as relapse.
Quantitative reverse transcription-PCR. The following oligonucleotides were used for quantitative reverse transcription-PCR (RT-PCR): fatty acid binding protein 4, FABP4 (forward) 5V -AACCTTAGATG-GGGGTGTCC-3V ; FABP4 (reverse) 5V -ATGCGAACTTCAGTCCAGGT-3V . cDNA reverse transcribed from 1 ng of amplified RNA of the second round was used for a Taqman assay (Applied Biosystems). Genes were amplified with the Taqman Universal PCR Master Mix according to manufacturer's conditions, using the ABI PRISM 5700 Sequence Detection System. DC T values [i.e., C T (SDHA) À C T (FABP4)] were calculated and compared between pTa tumors with and without progression using a two-sided Mann-Whitney U test.
Bladder cancer tissue microarray. A tissue microarray was constructed as described previously (30) and contained 874 formalinfixed, paraffin-embedded bladder cancer tissues. Only the initial biopsy (n = 776) of patients with multiple subsequent tumors was included in the analysis. An experienced pathologist (G.S.) evaluated H&E-stained slides of all tumors. Tumor stage and grade were assigned according to International Union Against Cancer (UICC) and WHO criteria. Stage pT1 was defined by unequivocal tumor invasion of the suburothelial stroma and tumor-free muscularis propria. Cases with stromal invasion but no muscular bladder wall in the biopsy were classified as pT1 or higher (pT1À). These cases were included only for statistical analyses of age, gender, and grading but were excluded for all other analyses. Clinical follow-up data were available for 651 bladder cancer patients with a median follow-up period of 39 months (1-205 months). Time to recurrence and time to progression were selected as end points in patients with pTa or pT1 urothelial carcinomas. Recurrences were defined as cystoscopically visible tumors with histologic verification, and tumor progression was defined as the presence of muscularis propria invasion in a recurrent lesion. The University of Basel Institutional Review Board granted approval for the study.
Immunohistochemistry. Immunohistochemical studies used an avidin-biotin peroxidase method with a diaminobenzidine chromatogen. After antigen retrieval, (microwave oven for 30 minutes at 250 W) immunohistochemistry was carried out in a NEXES immunostainer (Ventana, Tucson, AZ) following the manufacturer's instructions. The following primary antibodies were used: anti-TP53 (monoclonal, clone DO-7, DAKO A/S, Glostrup, Denmark); anti-CTSE (goat polyclonal N-19, Santa Cruz Biotechnology, Inc., Santa Cruz, CA; dilution 1:100), and anti-MIB1 (rabbit monoclonal, Dianova, Hamburg, Germany; 1:800). One surgical pathologist (A.H.) did a blinded evaluation of the slides without knowledge of the molecular or clinical data. TP53 positivity was defined as strong nuclear staining in at least 10% of the tumor cells. Cathepsin E (CTSE) staining intensity and the number of positive cells were estimated using a four-tired scoring system: 0 (negative), no CTSE staining or weak staining in V20% tumor cells; 1+ (weak), weak staining in >20% and V80% tumor cells or moderate staining in V20% tumor cells; 2+ (moderate), weak staining in >80% tumor cells or moderate staining in >20% and V80% tumor cells or strong staining in V20% tumor cells; 3+ (strong), moderate staining in >80% tumor cells or strong staining in >20% tumor cells. The percentage of Ki-67-positive cells of each specimen was determined as described previously (31) . High Ki-67 labeling index was defined if at least 5% of the tumor cells were positive.
Statistical analysis of tissue microarray data. Statistical analyses were completed using SPSS version 10.0 (SPSS, Chicago, IL). Contingency table analysis and two-sided Fisher's exact tests were used to study the statistical association among clinicopathologic, immunohistochemical, and molecular variables. Recurrence-free survival, progression-free survival, and overall survival curves comparing patients with or without any of the factors were calculated using the Kaplan-Meier method, with significance evaluated by two-sided log-rank statistics. For the analysis of recurrence or progression of pTa and pT1 urothelial bladder cancers, patients were censored at the date when cystectomy was done or at the time of their last tumor-free clinical follow-up appointment. For overall survival analysis, patients were censored at the time of their last tumorfree clinical follow-up appointment or at their date of death not related to the tumor.
Results
Bladder cancer gene expression reflecting morphology and biological behavior. We analyzed the expression profiles of 67 bladder cancer tissues from 33 patients plus eight normal urothelial reference samples from eight individuals, including three specimens of patients with no history of bladder neoplasia. Gene expression profiles were examined using custom-designed Affymetrix oligonucleotide microarrays. To provide high-quality starting material for our chip-based RNA expression analysis bladder cancer specimens were laser microdissected (PALM, Wolfratshausen, Germany). Microdissection is required to reduce tumor heterogeneity and enrich tumor cells up to 90%. Similarly, normal urothelium was obtained by laser microdissection (25) . With RNA integrity being tested during the first two rounds of linear amplification, at least 2,000 cells were needed. In concordance with others (32), we Definition of the examined group is shown on the right margin. Yellow bars under groups of samples are these definitions graphically.We were able to identify not only genes correlated with distinct histopathologic subtypes but also genes representing mixed types: N, normal; pTis; pTa, pTa tumors with and without progression; prog., only pTa tumors with recorded progression; pTa + 1, combination of pTa and pT1 (versus normal, pTis, and pT 2); pT1; pT1 + 2, combination of pT1and pT 2 (versus normal, pTis, and pTa); pT 2; sol, invasive tumors with solid growth pattern (versus papillary growth pattern). Expression of a gene (red) and absence of expression (blue). Due to the uneven sample size distribution, samples were analyzed in groups represented by the mean of the expression values. The top 20 genes overexpressed in the examined sample group were selected. Median centered expression values were normalized per patient and per gene (Genesis standard procedure).
found the bias introduced by a linear amplification protocol to be minimal and tolerable. To verify the reproducibility, double determinations were made, showing a good correlation (data not shown). Good concordance of different probe sets for a single gene was found (e.g., FABP4).
A heat map using the expression profiles of the 225 genes with the highest correlation coefficient was used to visually verify gene correlation with classes (Fig. 1 ). We were able to identify not only genes correlating with distinct histopathologic subtypes but also genes representing mixed types. The analysis revealed that pTa tumors expressed a unique pattern of genes clearly discriminating them from pTis, pT1, and pT2 tumors. The expression profile of the single pTaG3 tumor (sample 18-1) mimicked the profile of pT1 tumors with papillary growth pattern. In general, expression patterns of pT1 tumors shared more similarity with pT2 than with pTa tumors.
We used principal component analysis to visualize the distinct groups identified by the selected genes ( Fig. 2A  and B) . Using principal component analysis, we found that pTa tumors were strongly discriminated from all other samples. In detail, principal component analysis revealed a clear distinction between superficial (pTa) and invasive tumors (pT1 and pT2), whereas the transition from normal to invasive tumor samples was less apparent. The carcinomas in situ showed significant overlap with normal samples that could be explained by contamination of pTis with normal cells.
Comparing bladder tumors (pTis, pTa, pT1, and pT2) with normal urothelial samples, significantly expressed genes were selected using a probability value of 5% (Supplementary Data A). Furthermore, genes representative of an invasive solid growth pattern were identified, distinguishing these tumors from invasive papillary neoplasia (e.g., CTSE and FGFR3; Supplementary Data B). In contrast, no significantly regulated genes were found when pTaG1 were compared with pTaG2 samples (data not shown). In consideration of the recently revised WHO classification of pTa tumors (24) , no genes passed permutation testing when pTa low-grade tumors were compared with pTa high-grade tumors (data not shown).
Prediction of progression in pTa samples. Of the 16 investigated patients with recurrent noninvasive papillary bladder tumors, eight developed carcinoma in situ or invasive bladder cancer in the course of time. Median follow-up of these patients was 36 months. Of note, progression-free survival time in patients (n = 3) with subsequent invasive papillary bladder cancer was significantly shorter than in that with subsequent carcinoma in situ (n = 5; P = 0.004). The expression data from 42 pTa samples (Table 1 ) with information on progression was used to build a predictor to separate progressing from nonprogressing tumors. The expression values were filtered to contain only data points of the 500 genes with the highest correlation coefficient.
A predictor was built using 42 recurrent pTa samples as training set for the implemented weighed voting algorithm, allowing 31 features. A leave-one-out cross-validation approach resulted in a predictor that correctly classified 33 samples but failed to predict nine, six of which being false positive and three false negative (sensitivity, 85.7%; specificity, 71.4%).
Signal-to-noise analysis revealed that the expression of only a limited number of genes was significantly correlated with progression (i.e., the signal-to-noise ratio approached the level of 1.0). Based on this observation, we chose to build a predictor using 10 genes. Testing the predictor using leaveone-out cross-validation on the same data set resulted in 31 correct classifications, two wrong calls, and nine predictions not exceeding the arbitrarily set threshold of 0.3.
Twenty-two different genes were used to build up the 42 individual predictors for the cross-validation. Eleven of them were selected more frequently, whereas 11 others appeared only sporadically among the predictor genes. Among the former ones, seven genes were up-regulated in the fraction of patients with progression: FABP4, GSTM4, SERPINA1, HDAC1, C20ORF1, DNLC2A, and PTK6. At the same time, four genes were found with decreased expression in these patients: UBC, MGMT, ITGB3BP, and PAIP2 (Fig. 3A) . Validation of FABP4 expression by quantitative reverse transcription-PCR. In expression profiling experiments, high FABP4 expression was associated with pTa bladder cancer with subsequent progression. FABP4 was also expressed in normal bladder epithelium. In contrast, loss of FABP4 expression was observed in samples with invasive bladder cancer (Fig. 4A) . Gene expression results were confirmed by quantitative RT-PCR, showing a correlation between FABP4 array expression data (PMQ values) and FABP4 RT-PCR results (C T values; Fig. 3B) .
Validation of CTSE expression by immunohistochemistry. From the 225-gene set, we selected the intracellular proteinase CTSE for further validation, because a primary antibody was commercially available. CTSE mRNA was predominantly expressed in the superficial types of bladder cancer (pTa) and in pT1 and pT2 tumors with papillary growth pattern. Highest expression was found in the pTaG2 subtype. Elevated mRNA levels could be detected in the progressing in contrast to the nonprogressing fraction of pTa tumors (Fig. 4B) . Investigation of CTSE protein expression in a large series of bladder cancers using the tissue microarray technology was informative in 86.3% of cases (670 of 776). CTSE expression was detected in 60.1% (403 of 670) of bladder cancers (pTa, pT1, and pT2-4). In detail, weak cytoplasmic staining (1+) was seen in 27.6% (185 of 670), moderate staining (2+) in 26.9% (180 of 670), and strong staining (3+) in only 5.7% (38 of 670) of cases. Representative CTSE immunostaining patterns in urothelial carcinomas are shown in Fig. 5A-H. For descriptive data analysis, all relevant variables were correlated with CTSE immunohistochemistry. Table 3 summarizes clinicopathologic and molecular characteristics of the analyzed samples relative to CTSE staining intensity. Positive CTSE staining of any intensity was observed in 42.8% (72 of 166) of muscle invasive urothelial bladder cancers, compared with 18.8% (3 of 16) of muscle invasive squamous cell carcinomas (P = 0.4). CTSE expression was detected in 35.3% (6 of 17) of small cell bladder cancers, in 50.0% (5 of 10) of sarcomatoid bladder cancers, and in 60.0% (3 of 5) of primary adenocarcinomas. CTSE expression was significantly associated with early tumor stage (P < 0.0001) but not with age at diagnosis, gender, histologic grade, and histologic growth pattern of muscle invasive bladder cancer. Thirty-six percent (104 of 287) of pTa tumors and 46.5% (66 of 142) of pT1 urothelial carcinomas revealed moderate (2+) or strong (3+) CTSE immunoreactivity compared with 19.9% (33 of 166) of muscle invasive bladder cancers (both P < 0.0001). If tumors of all stages were jointly analyzed, neither Ki-67 labeling index nor TP53 immunohistochemistry was Fig. 3 . A, graphical representation of the predictor. The heatmap represents the log10-scaled, mean centered, and SD normalized expression values. Overexpression (red) and underexpression (blue). Genes are ordered horizontally with regard to their overexpression in the fraction of patients with tumor progression using the signal to noise ratio as measure. Gene symbols are added at the right margin. Genes overexpressed in patients with progression (red) and genes underexpressed in that group (blue). Clinical samples are ordered vertically in respect to their progress prediction: samples (left) were predicted to show progress as indicated by the black bar (bottom). Samples (right) were predicted not to progress as indicated by the gray bar (bottom). Samples without a significant call are found in the middle of the array. The absence of a respective bar indicates that no call exceeding a significance level of 0.3 could be obtained. The corresponding observed clinical findings are depicted in the lowermost bar: patients with reported progression (black) and progression-free survival (gray). B, scatterplot of the difference between C T values of quantitative RT-PCR for SDHA and FABP4. pTaG1/2 tumors without progression (blue) and pTaG1/2 tumors with progression (red); *, outlier.
significantly associated with CTSE expression in urothelial bladder cancer.
Overall survival, progression-free survival, and recurrencefree survival were compared between CTSE-negative (0 to 1+) and CTSE-positive (2+ to 3+) cases by univariate logrank statistics (Table 4) . CTSE expression was strongly associated with longer overall survival (pTa, pT1, and pT2-4). Bladder cancer patients with CTSE-positive tumors (2+ to 3+) had an estimated mean overall survival time of 178 months (95% confidence interval, 165-191) compared with 140 months (95% confidence interval, 131-148) in patients with no/weak CTSE staining (P = 0.003). However, CTSE expression was not associated with overall survival in clinically relevant subgroups (pTa, pT1, and pT2-4). Including all tumor stages of urothelial bladder cancer, high tumor stage and grade, TP53 overexpression, and high Ki-67 labeling index were associated with shorter overall survival (P < 0.0001).
Moderate or strong CTSE expression (P = 0.003; Fig. 6 ) and a high Ki-67 labeling index of at least 5% (P = 0.01) were the only factors that correlated significantly with progression-free survival of patients with pTa bladder cancer.
The sensitivity and specificity of predicting progression of pTa tumors based only on CTSE immunohistochemistry was 87.5% and 67.6%, respectively. Of the investigated clinicopathologic or molecular variables, only a percentage of at least 5% Ki-67 positive cells was significantly associated with shorter recurrence-free survival time in patients with pTa tumors (P = 0.04). Specifically, there was no association with progression-free survival (P = 0.6) or recurrence-free survival (P = 0.7) in pT1 urothelial tumors.
Discussion
Bladder cancer has been categorized into superficial (pTa, pT1, and CIS) and invasive (pT2-4) cancer depending on whether or not tumor infiltration extended to the muscular bladder wall (33) . Based on genetic data, the revised WHO classification suggests another subdivision of urinary bladder neoplasia. Two genetic subtypes with marked difference in their degree of genetic instability correspond to morphologically defined entities. The genetically stable category includes low-grade noninvasive papillary tumors. The genetically unstable category contains high-grade (including pTaG3 and pTis) and invasive carcinomas (zpT1; reviewed in ref. 24) . Our gene expression analysis revealed that pTa tumors express a unique pattern of genes, discriminating them from pTis, pT1, and pT2 tumors. The expression profile of the pTaG3 tumor mimicked the profile of the papillary pT1 tumors. In general, expression patterns of pT1 tumors shared more similarity with pT2 tumors than with pTa tumors, linking available genetic information to the current WHO classification. Of note, no significantly regulated genes were found when pTaG1 were compared with pTaG2 samples. No genes passed permutation testing when pTa low-grade tumors were compared with high-grade tumors.
Gene expression has been used for molecular classification of several cancers. Diffuse large B-cell lymphoma can be divided into important prognostic subgroups with germinal center B cell -like, activated B cell -like, and type 3 gene expression profile (34) . Results of Alizadeh were confirmed using a tissue microarray (35) and have already become part of routine diagnostics. The transition of gene expression results to diagnostic applications with clinical effect (e.g., immunohistochemistry) has not been shown yet in bladder cancer. Microarray analysis was used to identify distinct gene expression profiles of carcinoma in situ, superficial, invasive, and metastasizing urothelial bladder cancer (13 -22) . Dyrskjot et al. (19) applied hierarchical cluster analysis to pooled suspensions of bladder cancer and identified gene clusters covarying with stage and grade. Using a crossvalidation approach, a 32-gene molecular classifier was proposed, predicting disease progression and recurrence of pTa tumors.
In consideration of the revised WHO classification (24), a predictor was built based on gene expression data of 42 pTa samples, which were from two different classes: 21 samples (n = 12) experienced a progression to pTis or at least pT1 in the course of time, whereas another 21 specimens (n = 12) did not. After leave-one-out cross-validation, the predictor correctly classified 33 samples but did not predict nine. Six of the nine false positive samples are derived from patients who have not experienced a progression of their superficial bladder cancer thus far, thus adding new information to clinical and pathologic classification. This leaves the opportunity for a possible future progression. Elimination or class label change of these patients (patients 5, 6, 7, and 8) before building a predictor may lead to improved classification results (data not shown). Three specimens were derived from patients (patients 11, 12, and 13) with already recorded progression but having a negative signature (false negative). Unfortunately, no subsequent pTa tumor from these patients was available. FABP4 was the strongest predictor that was up-regulated in the fraction of patients with progression. FABP4 expression was up-regulated in 17 of 21 pTa samples with progression and down-regulated in 21 of 24 pTa tumors without progression (Fig. 3A) . The link between fatty acid transport and tumor progression may be considered as a bystander effect mediated by peroxisome proliferator-activated receptor activation. Activated peroxisome proliferator-activated receptors are known to induce FABP transcription (36) and bladder tumor progression (37) . FABP4 is dynamically regulated in the course of bladder cancer progression (38, 39) . Human adipocyte FABP (FABP4) is part of a family of highly homologous cytosolic proteins and was first purified from normal s.c. adipose tissue by Baxa et al. (40) . The 15-kDa protein comprises about 1% of total cytosolic protein in human adipose tissue. FABP4 synthesis was only detected in lipoblasts of lipoblastoma and liposarcoma but not in other benign adipose tissue tumors and malignant connective tissue or epithelial tumors (41) . In contrast, FABP4 expression by normal bladder urothelium was lost at various stages of carcinoma progression (39) . In addition, low-grade tumors contained more FABP4 than their high-grade counterparts. Protein abundance and mRNA levels of FABP4 correlated in noninvasive and invasive bladder cancer. Loss of FABP4 was not compensated by an increase in epidermal FABP, as is the case in FABP4 knockout mice (38) .
From the list of significantly expressed genes in the group of pTa tumors with progression ( Fig. 1) , anti-CTSE antibody was commercially available and could be used for further validation on the tissue microarray. CTSE was localized to 1q31 by in situ hybridization studies. CTSE is an intracellular aspartic protease that can be found at the gastric surface (42) , in neuronal cells, and is also expressed at the infiltration zone of gastric carcinomas (43) , cervical adenocarcinomas (44) , and pancreatic ductal carcinomas (45) . CTSE is suspected to be involved in the execution of neuronal death pathways (46) and parenchymal remodeling that occurs in fibrosing lung disease (47) . It also has a role in antigen processing by hydrolyzing antigenic peptides and the invariant chain (CD74) which influences the expression and peptide loading of MHC II molecules in professional and nonprofessional antigen-presenting cells Abbreviations: OS, overall survival; PFS, progression-free survival; RFS, recurrence-free survival. *Only the initial biopsy of each patient is included. c Log-rank test (two sided), bold face representing significant data. b Not calculated due to redundancy. (48) . In a rat model of urinary bladder tumor, CTSE was overexpressed in uracil-induced papillomatosis rather than in neoplastic lesions (49) . According to Yamamoto et al. (49) , CTSE immunohistochemistry may serve as an early biomarker for urinary bladder carcinogenesis. Mor et al. have analyzed gene expression profiles of urothelial bladder cancer using cDNA microarrays (21) . The epithelial cell markers Keratin 7, S100P, and CTSE distinguished between pTa low-grade tumors and tumors of higher stage and differentiated between normal urothelium and noninvasive urothelial bladder cancer. These genes might be used as diagnostic tools for both population screening and follow-up of patients with previously identified pTa low-grade tumors (21). Orntoft et al. have reported a good correlation between transcript alterations and protein levels (50) . Similar to Thykjaer et al. (17), we found a significant correlation of mRNA and protein expression for CTSE in pTa samples with and without progression. This is the first study investigating CTSE expression and clinical outcome of bladder cancer using tissue microarray technology. We clearly showed that CTSE expression is more common in noninvasive papillary bladder cancers with high risk of progression to invasive disease. However, CTSE expression did not seem to be an independent prognostic factor for overall survival in urothelial bladder cancer. We have shown that tissue microarrays are feasible tools for anticipating biological behavior of bladder cancer. Improving this approach by adding other immunohistochemical markers will further increase the predictive potential of this approach. Combined immunohistochemical analysis of a few key proteins may predict disease outcome in papillary noninvasive carcinomas of the bladder. Normal urothelium, superficial, and invasive bladder cancers showed distinct gene expression profiles as revealed by hierarchical clustering and principal component analysis. The class prediction algorithm provided a genomic basis for diagnosis of pTa tumors with subsequent progressive behavior. Significantly regulated genes usable as potential early progression markers for superficial pTa tumors were identified. The role of CTSE expression in progression of bladder cancer was confirmed by immunohistochemistry. Gene expression profiling is a useful tool to diagnose bladder cancer subtypes and further characterize the molecular events associated with tumorigenesis and bladder cancer progression. Novel genes with clinical utility to select patients more likely to develop aggressive disease have been identified.
